To study nutrient dynamics and cycling in oligotrophic open ocean environments, continuous measurements of nanomolar nitrate, nitrite, and phosphate are valuable. However, such studies are usually impeded by the detection limits of conventional nutrient-sensors and analyzers. Here, we developed a shipboard deployable underway system for simultaneously monitoring nitrate plus nitrite and phosphate at nanomolar concentrations by the coupling of an optimized flow injection analytical system with two long-path liquid waveguide capillary cells (LWCC). The detection limits are ~2 nM for nitrate plus nitrite and ~1.5 nM for phosphate, respectively. Results from realtime surveys of waters over the west Florida continental shelf and the oligotrophic Sargasso Sea are presented. This system has also been successfully used to analyze more than 1000 discrete seawater samples manually during 2 cruises in the North Atlantic.
Introduction
In the oceanic environment, primary production is controlled by major nutrient elements such as nitrogen, phosphorus, and silicon (Falkowski et al. 1998) , as well as by important trace metals such as iron (Martin and Fitzwater 1988) . Among all the nutrients, nitrate and phosphate are the two best studied compounds in the ocean. Nitrate is often thought as a proximate limiting nutrient to the seasonal growth of phytoplankton in the surface ocean while phosphate is regarded as an ultimate limiting nutrient over geological time scales. Several recent studies indicated that some N 2 -fixing organisms could be phosphate dependent in both coastal and open ocean environments (Sanudo-Wilhelmy et al. 2001; Sundareshwar et al. 2003) , thus prompting continued debate on the role of these two nutrients in the ocean. At present, the biogeochemical cycling of these two nutrients in the ocean is not fully understood, particularly in oligotrophic regions where concentrations are below the detection limits of conventional analytical techniques (Benitez-Nelson 2000) . Accurate quantification of both nitrate and phosphate at low concentrations is therefore essential for understanding the dynamics of oligotrophic ecosystems and their role in global climate change.
In recent years, there has been increasing demand for novel analyzers and sensor systems in support of in-situ oceanographic studies (Doney 2004) , particularly instruments for simultaneously measuring multiple variables (Gray et al. 2006) . Vink et al. (2000) developed a towed system to determine both iron and aluminum by combining underway sampling with flow injection analysis (FIA), thus providing the high-resolution spatial distribution of these trace metals in the open ocean. An auto-analyzer capable of the simultaneous determination of nitrate and total sulfide was applied successfully in a hydrothermal vent system to study the chemistry in this extreme habitat (Bris et al. 2000) . Masserini and Fanning (2000) developed a sensor package to measure nitrate, nitrite, and ammonium in seawater, and this system was used to study the nitrogen cycle at nanomolar levels. An autonomously deployed nutrient system showed promise for long-term oceanographic monitoring of nitrate, phosphate, and silicate at depths to ~1000 m (Thouron et al. 2003) . The feasibility of flow-injection techniques with spectroscopic detection for remote deployment to measure multiple variables with high resolution has been described recently (Manrahan et al. 2002) . Further improvement and application of these systems in field observations will greatly advance our Although several methods for nitrate and nitrite determinations in seawater have been reported, including spectrophotometry, chemilumenesence, electrophoresis, florescence spectroscopy, high pressure liquid chromatography (HPLC), and ion chromatography (Garside 1982; Kieber and Seaton 1995; Daniel et al. 1995; Hansen and Koroleff 1999; Okemgbo et al. 1999; Masserini and Fanning 2000; Manrahan et al. 2002; Thouron et al. 2003; Ito et al. 2005) , the colorimetric method with cadmium reduction remains the most popular technique for nitrate determinations in natural waters (Moorcroft et al. 2001) . To increase sensitivity, long-path flow cells have been successfully incorporated into conventional spectrophotometric methods for nitrate and nitrite measurements at nanomolar level (Yao et al. 1998; Zhang 2000) .
Various techniques have been used to determine low-level phosphate in natural seawater. Preconcentration is a commonly employed approach, either by Mg(OH) 2 induced coprecipitation to scavenge phosphate onto the precipitates (Karl and Tien 1992; Rimmelin and Moutin 2005; Anagnostou and Sherrell 2008) or by solvent-extraction and filter-sorption to concentrate the phosphate-molybdate complex (Hansen and Koroleff 1999; Zui and Birks 2000) . All these preconcentration procedures are time consuming, easily contaminated, and unsuitable for automated analysis. Another technique relies on expensive instruments such as laser-induced thermal lensing (Fujiwara et al. 1982) and HPLC (Haberer and Brandes 2003) , which again are not feasible for direct shipboard measurements. Using chemiluminescence detection (Yaqoob et al. 2004 ) and microsequential injection (Wu and Ruzicka 2001) , highly sensitive determination of phosphate in fresh water samples have been achieved, but to the best of our knowledge, these methods have not been successfully applied to oceanographic studies. The most feasible method for nanomolar phosphate determination is long-path spectrophotometry (Lei et al. 1983; Ormaza-Gonzalez and Statham 1991; Zhang and Chi 2002) . This technique is simple and easily automated, particularly with application of long-path liquid waveguide capillary cell (LWCC) constructed with recently developed low refractive index fluoro-polymers (Dallas and Dasgupta 2004) . Combining LWCC and conventional flow systems for phosphate measurement, however, is challenged by problems such as refractive index and baseline stability (Gimbert et al. 2007) .
In this paper, we report an optimized continuous flow spectrophotometric method to simultaneously determine nitrate plus nitrite and phosphate in seawater at nanomolar concentrations using two 2-m LWCCs. This flow injection analytical system is simple and largely minimizes the trouble introduced by segmentation bubbles in the gas-segmented flow system (Zhang 2000; Zhang and Chi 2002) and thus allows for realtime monitoring of low-level nitrate plus nitrite and phosphate in seawater. Mixing and timing for chromophore development were optimized with emphasis on reducing the effects of coating and baseline shifting to improve the analytical performance. To reduce the background phosphate concentration in the low-nutrient seawater that was used as a carrier solution, a novel procedure was employed based on the hydrolyzation of ferric ion and the subsequent removal of phosphate from seawater by coprecipitation of phosphate with ferric hydroxide. This analytical instrument can be used for either realtime monitoring of nutrient concentrations in the oligotrophic ocean with an underway sampling unit or manual analyses of discrete seawater samples from Niskin bottles. The system has been successfully deployed on several cruises in the west Florida continental shelf and the North Atlantic Ocean near Bermuda.
Materials and procedures
Liquid waveguide capillary cell and photometric detector-Two 200-cm Liquid Waveguide Capillary Cells with quartz capillary tubing coated with a low refractive index polymer (World Precision Instruments) were used here. The cells were regularly cleaned by continuous pumping of 10% HCl and deionized water. For water samples with high concentrations of particles, a pre-filtration step is recommended to reduce the chance of blockage in the cells. If the cell is blocked by particles, the system should be stopped immediately, and the particles removed by slow injection of 10% HCl into the cell with a syringe. The photometric detectors in this system were conventional spectrophotometric detectors (Spectra System UV/vis-1000), with modifications to adapt to the long-path liquid waveguide cells (Zhang 2000; Li et al. 2005) .
Low phosphate seawater (LPSW)-Due to the difficulty in obtaining "phosphate-free" seawater, deionized water was chosen for the blank and standard matrix in an earlier version of the long capillary cell method, resulting in a refractive index effect equivalent to ~13 nM of phosphate for North Sea water (Ormaza-Gonzalez and Statham 1991) . To reduce the effect of refractive index, matching the salinity between samples and standards is important in colorimetric methods especially for measurements made at nanomolar level (Li et al. 2005) . Supernatant from the co-precipitation of Mg(OH) 2 and phosphate in seawater, the "MAGIC" procedure (Karl and Tien 1992) has been used as a phosphate-free water to quantify the trace amount of phosphate in oligotrophic surface seawater (Karl and Tien 1992; Rimmelin and Moutin 2005) , and a similar procedure was chosen to prepare phosphate-free seawater for phosphate measurement in a long flow cell method with an air-segment flow analyzer (SFA) (Zhang and Chi 2002) . However, given that a large amount of magnesium was removed from the seawater after adding NaOH, differences in the matrix between the low-phosphate seawater and normal seawater were observed, as indicated from the significant spikes in peak signals when switching between sample and carrier. In this study, FeCl 3 (analytical grade) was used to remove the background phosphate in the low nutrient seawater collected from the surface water of the west Florida continental shelf near 83.0°W and 24.5°N, which has a phosphate concentration <50 nM (a detection limit of conventional autoanalyzer method) throughout the year. This procedure is based on the scavenging of phosphate by amorphous Fe(OH) 3 generated from the hydrolysis of FeCl 3 . The net outcome of this process is to acidify the seawater slightly without significantly changing the composition of the water itself. The amorphous ferric oxide can be readily removed by filtration via 0.2 μm filters. To determine phosphate in oligotrophic surface water accurately, it is necessary to make a correction for the phosphate concentration in LPSW, which can be qualified by analyzing LPSW as sample and DIW as the blank (carrier and the matrix for calibration standard, assume negligible phosphate in DIW) with correction of refractive index and salt effect (Zhang 2000; Zhang and Chi 2002; Li et al. 2005 ). The estimated concentration of phosphate in the LPSW was ~1 nM (n = 7).
Detailed procedure for preparation of LPSW: A 20 mL FeCl 3 (1 M) was added to LNSW (20 L) at the ratio of 1 to 1000 (v/v). The particles formed were allowed to settle out of solution for 4-5 d. Brown Fe(OH) 3 particles attached to the container wall should be removed by gently tapping the wall to force the attached particles to fall to the bottom. The supernatant was transferred to another clean 20 L plastic bottle by siphon through a clean Teflon tube (1.5 mm inner diameter). Finally, the water was slowly filtered through a 0.2 μm capsule filter by gravity, thus producing a clear solution with final pH of ~6. This water was used as the carrier for the phosphate channel.
Given a minimal refractive index in nitrate analysis as a result of buffer dilution (Zhang 2000) and the difficulty of getting nitrate-free seawater, deionized water (DIW) was used as carrier for the nitrate channel. DIW in this study was doubledistilled water after purification with a Millipore Super-Q Plus Water System that produces water with 18 MΩ resistances. Concentrations of nitrate and nitrite in the deionized water were negligible.
Preparation of reagents and standards-All reagents were prepared in deionized water with reagent-grade chemicals and stored in polypropylene bottles, which were soaked in 10% HCl solution for 12 h and rinsed 3 times with DIW prior to use.
Reagents and chemicals for nitrate and nitrite determination (λ = 540 nm) were (1) N-1-naphthylethylenediamine (NEDA): 1 g C 12 H 14 N 2 ⋅HCl dissolved in 1.0 L DIW, (2) sulfanilamide: 10 g C 6 H 8 N 2 O 2 S dissolved in 1.0 L 10% HCl solution, (3) imidazole: 27 g C 3 H 4 N 2 dissolved in 8.0 L DIW and adjusted to pH ≈ 8 with 10% HCl, and (4) cadmium column: after coated with 2% CuSO 4 , cadmium filings were carefully packed into a glass tube (2 mm i.d.) filled with deionized water.
Reagents for phosphate determination (λ = 800 nm) were (1) molybdate solution: 2.4 g (NH 4 ) 6 Mo 7 O 24 ⋅4H 2 O dissolved in 200 mL 5 N H 2 SO 4 and then diluted to 1.0 L with DIW, (and 2) Hydrazine: 1.0 g N 2 H 4 SO 4 dissolved in 200 mL DIW.
Nitrate and phosphate standards were prepared from reagent-grade pre-dried (105°C for 2 h) KNO 3 and KH 2 PO 4 , respectively. Stock standard solutions of 10.0 mM KNO 3 and 1.0 mM KH 2 PO 4 were stored in polypropylene bottles at 4°C.
Working standards for nitrate were made by serial dilution of the nitrate stock solution with DIW, while working standards for phosphate were made from the serial dilution of phosphate stock solutions with LPSW. The polypropylene bottles for reagents and standards were covered with PARAFILM (American National Can) to avoid potential airborne contaminations. Both reagents and standards were renewed every 10 h in continuous underway measurements.
Configuration of continuous flow system-A LabVIEW-based communication program was written to control the FIA-LWCC underway system. This program has two front panels with separate sub-programs: one for underway sampling and the other for the analytical process, including chemical reaction and data analyses. The sample concentrations were calculated from the peak-heights of samples and a linear calibration curve, which usually included 4-5 standards. The raw data (.txt file), consisting of peak heights from the detector, were automatically saved every second. Because of the huge volume of raw data, the software emptied the buffer memory and created a new file every 5 h. Sample information and its nutrient concentrations were saved in a spreadsheet. To correct the potential baseline shift due to the instability of reagents over time, the system automatically inserted a blank or a set of standards (usually 1-4 standards) every 10-20 samples during the analyses.
Instrument control was performed by SCB-68, a shielded I/O connector block for interfacing I/O signals to PC with 68-pin connectors (National Instruments). Combined with the shielded cables, the SCB-68 provides rugged, very low-noise signal termination. The periodic valves (Cole-Parmer) were connected to a circulation board with 8 Reed Relays (Switching Voltage: 12v), which were also connected to the SCB-68. Each valve can be turned on or off by SCB-68 with analogue input of 1 or 0 from the computer. The signals (voltage) from the detectors were transferred to the SCB-68 and finally output on the software in real time. Fig. 1 is a schematic flow diagram used for sampling and online determinations of nanomolar nitrate and phosphate in surface seawater. Using the shipboard underway system, seawater was continuously pumped into a clean plastic vial through a Teflon tube, and then flowed into two separate channels for nitrate plus nitrite and phosphate measurements. In each channel, the carrier (DIW for nitrate plus nitrite and LPSW for phosphate) separated the samples at preset time intervals. Duration for sample or carrier can be adjusted on the software panel. A 6-inlet and 1-outlet periodic valve (ColeParmer Manifold Mixing Solenoid Valve) was used to select among sample, standards, and carrier for each channel. The flow out of the valve passed through the mixing coils where reagents were added and the chemical reactions took place. The chromophore formed from the reaction passed through the LWCC. Light transmission through the LWCC was measured by a spectrophotometer and recorded digitally to a computer. All the tubing used in this manifold was 0.5 mm i.d.
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Monitoring of Nanomolar Nutrients PTEE, except the pump tubing used in the peristaltic pump, which was flow-rated PVC (information about tubing size was shown in Fig. 1) . A debubbler before the LWCC removes any potential micro bubbles in the underway seawater, which may not be necessary if the injection seawater samples have negligible bubbles, but is highly recommended when deploying the system under some extreme weather conditions such as storms.
Assessment
Optimization of analytical method-In the conventional flow-through type of chemical sensors, the output signals are continually recorded as a function of time. This design has the merit of high spatial or temporal resolution but suffers a lower accuracy due to sample dispersion and the potential baseline drift. To optimize the instrument for analytical accuracy, we used the flow injection configuration. In this design, individual peaks were generated when samples were injected into the carrier stream (deionized water for nitrate and LPSW for phosphate). The advantage of introducing sample into the carrierstream rather than a continuous flow of sample lies in that it substantially reduces the baseline drift, a problem resulting from chronic coating of the chromophore on the internal wall of the flow cell. Surfactants were added to the reagents to improve the baseline stability: Brij-35 (Aqua Solutions) for nitrate plus nitrite and Dowfax (OI Analytical Alpkem) for phosphate. Our results indicate that 1 mL Brij-35 in 200 mL sulfanilamide solution and 0.5 mL Dowfax in 200 mL molybdate solution were sufficient for maintaining a smooth baseline for both channels.
Baseline drift in the phosphate channel was found when ascorbic acid was used as a reducing reagent. It was replaced by hydrazine sulfate, which reduced the coating effect of molybdate-blue (Zhang et al. 2001) . Optimal concentrations of reagents for development of molybdate-blue in our system are presented in section 2.3. This recipe is a compromise between sensitivity and baseline noise. Given the low particle content of open ocean water, we did not use a filtration unit in our system so as to avoid the potential contamination induced from the filtration. However, it is highly recommended to add a filtration cartridge into the system for highparticle environments. The filtration unit should be inserted between the underway pump and the vial (Fig. 1) , similar to a tow-fish device used for trace metal measurements (Bowie et al. 2002; Gray et al. 2006) .
Calibration of analytical system-Typical output signals of nitrate and phosphate calibrations (from field work over the west Florida continent shelf) are presented in Fig. 2. Fig. 3a-b shows the shipboard calibration curve for nitrate (a) and phosphate (b) measurements with the FIA-LWCC underway system during the cruise. Determinations of nitrate and phosphate were rapid (3 min per sample) and both showed good reproducibility. Linear responses were obtained for nitrate (y = 21.791 × +123.7, r 2 = 0.995, n = 30) up to 200 nM and phosphate (y = 24.699 × +51.9, r 2 = 0.995, n = 66) up to 100 nM. Note that these calibrations were made at high sea under windy condition. The system performs better in laboratory ( Fig. 3c-d) . The linear ranges of nitrate and phosphate measurements can be increased by adding a dilution line to the system when it is used for analysis of high nutrient samples (Zhang 2000; Li et al. 2005; Li and Hansell 2008b ). The detection limit (determined as 3 times the standard deviation of the analytical blanks) for nitrate plus nitrite was ~2 nM, in agreement with a previous study (Zhang 2000) . We found a detection limit of ~1.5 nM for phosphate, estimated from the standard deviation of the blank, which was also confirmed by repeat analyses of a 5 nM sample solution (4.9 ± 0.4 nM, n = 20). The precision for nitrate and nitrite and phosphate (peaks 3, 7, 11, 15), 60 nM (peaks 4, 8, 12, 16) , 80 nM (peaks 1, 5, 9, 13, 17), 100 nM (peaks 18-22); standard series for nitrate (red) are 50 nM (peaks 2, 6, 10, 14), 100 nM (peaks 3, 7, 11, 15), 150 nM (peaks 4, 8, 12, 16) , 200 nM (peaks 1, 5, 9, 13, 17) and DIW (peak 18-23).
measurements were both better than 5% at sample concentrations of 10-100 nM. Enhanced sensitivity by LWCC technique for flow injection analysis has been demonstrated by comparison of results of different path-lengths varying from 1 to 400 cm (Zhang 2006 ) are two major species that can interfere with phosphate determination using molybdate blue method. Silicate interference was reduced by adjusting solution pH to < 1 at room temperature (Hansen and Koroleff 1999; Zhang et al. 1999) . As 5+ was not found to interfere with the LWCC method (Li and Hansell 2008a) , perhaps due to its low concentrations (<20 nM) and the slow formation rate of arsenomolybdate at room temperature (OrmazaGonzalez and Statham 1991) . Hydrolysable dissolved organic phosphorus (DOP) can interfere with the phosphate determination in natural waters using molybdate blue chemistry (Hansen and Koroleff 1999) . DOP interference for LWCC method was investigated recently (Li and Hansell 2008a) . They found its interference in LWCC method was low and similar to that of the MAGIC method (Karl and Tien 1992) , which was thought to reduce the DOP interference because of the alkine pH used for phosphorus precipitation (Anagnostou and Sherrell 2008) .
Comparison of FIA-LWCC system with conventional auto-analyzer-To compare this FIA-LWCC system with conventional auto-analyzers, two sets of samples were collected after filtration during a cruise in the Sargasso Sea. The first set of samples was analyzed at sea with the FIA-LWCC system and the other was frozen immediately. The measurement of high concentration samples at sea was made possible by adding a dilutionline between sample and reagents in FIA-LWCC system (Fig. 1) . The frozen samples were measured at an offshore laboratory after cruises using a conventional nutrient auto-analyzer (Lachat QuickChem 8000), whose detection limits were 0.3 μM for nitrate plus nitrite and 0.1 μM for phosphate. The results from FIA-LWCC system were in agreement with those of conventional methods (Fig. 4) . The correlation coefficient (r 2 ) of these two different measurements is 0.99 for nitrate plus nitrite (n = 397) and 0.96 for phosphate (n = 371) (Fig. 4) . For concentrations below ~0.5 μM of nitrate plus nitrite and ~0.2 μM of phosphate, however, less agreement was obtained (r 2 = 0.35 for nitrate plus nitrite and r 2 = -0.75 for phosphate). This difference could result from the low sensitivity of conventional auto-analyzer or the variations of low-level nutrients during freezing and thawing or aging of seawater samples. Inter-comparison of the LWCC method with another high sensitivity phosphate method MAGIC (Karl and Tien 1992) for the same set of samples (<100 nM) has demonstrated that they are in good agreement with each other (Li and Hansell 2008a) .
Phosphate concentrations in the surface water of the Sargasso Sea reported from different measurements are inconsistent with one another, varying from <1 nM to ~10 nM (Wu et al. 2000; Cavender-Bares et al. 2001; Li and Hansell 2008b) . The discrepancy may partly be explained by the different sample filtrations employed in individual measurements. It has been recently verified that filter selections can result in 1-8 nM difference in phosphate concentrations (Li and Hansell 2008a) , which are also consistent with the level of particular organic phosphorus commonly reported in the Sargasso Sea
Discussion
Application to coastal and offshore seawater-Survey of the West Florida Shelf. This system was applied in an underway survey of surface nutrients during a cruise aboard R/V Walton Smith in South Florida on 27-28 April 2004. during the survey. It is also seen that nitrate plus nitrite covaried with phosphate in the surface (Fig. 5) . The decrease of nutrients in the early period of the survey (6 PM to 8 PM) reflects transit from a coastal region (continental shelf near Marco Island) to the open waters of the Gulf of Mexico. Elevated nutrient concentrations (from 9 PM to 11 PM in Fig. 5 ) were observed near Dry Tortugas, which might result from upwelling in this shoal area, as evidenced by the decrease of surface temperature from 25.2°C in the open ocean to 23.1°C near Dry Tortugas (data from two CTD casts). Our second visit to Dry Tortugas at the end of the survey again documented an increase of surface nutrient concentrations (Fig. 5) . Open Ocean Survey. Several short trials were also undertaken in the Sargasso Sea near Bermuda. Fig. 6 shows the result from the continuous measurements of nitrate plus nitrite, phosphate, and temperature on 18 June 2004. The ship transited from 31°37′N, 60°04′W to 31°15′N, 60°27′W and then to 31°15′N, 59°47′W during this trial. Both the surface concentrations of nitrate plus nitrite and phosphate in the Sargasso Sea were ~10 nM (Fig. 6) , and significantly lower than those of South Florida coastal waters (Fig. 5) . Covariation of these two nutrients was evident, though with much higher variability in nitrate plus nitrate than in phosphate (Fig. 6) .
Measurement from discrete bottle samples-The FIA-LWCC underway system can also be used to analyze nitrate, nitrite, and phosphate manually in discrete water samples by switching the underway sampling mode to manually handling discrete samples. Samples were collected from Niskin bottles after inline filtration with a 0.8 μm pore-size Nuclepore filter and analyzed at sea within 30 min of water collection. There were more than 1000 seawater samples analyzed by this system in 2 cruises during the summers of 2004 and 2005. Each sample was analyzed up to 6 times, and the final value reported was the average of the last 5 parallel measurements (The first measurement was not included as to avoid the carryover between samples). Nitrite was measured by removing the cadmium reduction column and the buffer solution from the nitrate plus nitrite channel (Zhang 2000) . Fig. 6 shows the vertical profiles of nitrate, nitrite, phosphate, and Chl a at three stations in an anticyclonic eddy located near Bermuda in July 2005. Station 62 (30°54′N, 66°17′W) was located at the center of the eddy as revealed from the XBT survey and satellite image and station 79 (30°43′N, 60°42′W) was the eddy center 6 d later. Station 80 (30°49′N, 66°18′W) was close to the eddy center (station 79) but with high fluorescence (Chl a). Our results confirm the previous hypothesis of a nitracline shallower than the phosphacline in the Sargasso Sea (Steinberg et al. 2001) . A well developed nitrite maximum was also observed in the water column. The concentrations of nitrate, nitrite, and phosphate in the euphotic zone were all below the detection limits of previous measurements using a conventional auto analyzer (100 and 50 nM for N and P, Steinberg et al. 2001) . Moreover, the depths of the nitracline, phosphacline, and the nitrite maximum are well correlated with the deep chlorophyll maximum (Fig. 7) , suggesting the important role of nutrients on controlling the formation of the deep chlorophyll maximum (Li and Hansell 2008b) .
In summary, we have described a shipboard deployable analytical system for nitrate plus nitrite and phosphate measurements at nanomolar levels by coupling flow injection analysis with long-path spectrophotometry. Our results have demonstrated the feasibility of this system for simultaneously monitoring surface nitrate plus nitrite and phosphate at nanomolar concentrations in both coastal and open-ocean environments. The system has been successfully applied to shipboard determinations of more than 1000 samples during two year's field study in the North Atlantic. With this technique, nutrient dynamics and its relationships with biological productivity in oligotrophic ocean systems can be investigated in detail. For future application, this system may also be useful for field (in situ) fertilization experiments or laboratory cultures where monitoring of nutrients over time is required. Future work should also focus on modification and application of this system for longer time periods, such as weeks, which may require additional configurations to achieve better performance of the system, such as a stable baseline and reduced reagent consumption. 
